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57 ABSTRACT

We have developed an improved vapor-phase deposition
method and apparatus for the attachment of organic films/
coatings containing a variety of functional groups on halo-
gen-containing substrates. The substrate surface is haloge-
nated using a vaporous halogen-containing compound,
followed by a reaction with at least one organic molecule
containing at least one nucleophilic functional group. Halo-
genation of the substrate surface and subsequent reaction
with the organic molecule are carried out in the same process
chamber in a manner such that the halogenated substrate
surface does not lose its functionality prior to reaction with
the nucleophilic functional group(s) on the organic molecule.
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VAPOR DEPOSITED FUNCTIONAL
ORGANIC COATINGS DEPOSITED ON A
HALOGEN-CONTAINING SUBSTRATE

[0001] This application is a Continuation Application of
U.S. patent application Ser. No. 10/912,656, filed Aug. 4,
2004, and entitled: “Vapor Deposited Functional Organic
Coatings”, which is currently pending. This application is
related to U.S. application Ser. No. 10/759,857, filed Jan. 16,
2004 and entitled “Apparatus And Method For Controlled
Application Of Reactive Vapors To Produce Thin Films And
Coatings” and to U.S. application Ser. No. 10/862,047, filed
Jun. 4, 2004 and entitled “Controlled Deposition Of Silicon-
Containing Coatings Adhered By An Oxide Layer”, each of
which is hereby incorporated by reference it its entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention pertains to a method, and to
the resulting structure which is created by the method, of
depositing a coating from vaporous precursors in a manner
such that the surface of the deposited coating is functionally
designed on a nanometer scale. The method is described with
reference to deposition of an organic coating where the pre-
cursor used to form the coating contains a nucleophilic func-
tional group capable of reacting with a specially prepared
substrate surface.

[0004] 2. Brief Description of the Background Art

[0005] Integrated circuit (IC) device fabrication, micro-
electromechanical systems (MEMS) fabrication, microfluid-
ics, bioactive structures, biochips, and microstructure fabri-
cation in general make use of layers or coatings of materials
which are deposited on a substrate for various purposes. In
some instances, the layers are deposited on a substrate and
then are subsequently removed, such as when the layeris used
as a patterned masking material and then is subsequently
removed after the pattern is transferred to an underlying layer.
In other instances, the layers are deposited to perform a func-
tion in a device or system and remain as part of the fabricated
device.

[0006] There are numerous methods for depositing a thin
film or a coating, such as, for example: Sputter deposition,
where an ion plasma is used to sputter atoms from a target
material (commonly a metal), and the sputtered atoms deposit
on the substrate; chemical vapor deposition, where activated
(e.g. by means of plasma, radiation, or temperature, or a
combination thereof) species react either in a vapor phase
(with subsequent deposition of the reacted product on the
substrate) or react on the substrate surface to produce a
reacted product on the substrate; evaporative deposition,
where evaporated material condenses on a substrate to form a
layer; and, spin-on, spray-on, wiped, or dipped-on deposi-
tion, typically from a solvent solution of the coating material,
where the solvent is subsequently rinsed or evaporated off to
leave the coating material on the substrate.

[0007] Inmany applications where the wear on the coating
is likely to occur due to mechanical contact or where fluid
flow is to occur over the substrate surface on which the layer
of coating is present, it is helpful to have the coating chemi-
cally bonded directly to the substrate surface via chemical
reaction of active species which are present in the coating
reactants/materials with active species on the substrate sur-
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face. In addition, particular precursor materials may be
selected which are known to provide particular functional
moieties.

[0008] With respect to layers and coatings which are
chemically bonded to the substrate surface, there are a num-
ber of areas of particular current interest. By way of example,
and not by way of limitation, such coatings may be used for
biotechnology applications, where the surface wetting prop-
erties and chemical functionality of the coating are useful for
analytical purposes, for selectively attaching molecules to the
surface, for controlling fluid flow and sorting of fluid compo-
nents, and for altering the composition of components which
come into contact with the surface, for example. Such coat-
ings may also be used in the field of integrated circuitry, or
when there is a combination of integrated circuitry with
mechanical systems, which are referred to as micro-electro-
mechanical systems, or MEMS. Due to the nanometer size
scale of some of applications for coatings exhibiting special-
ized functionality, a need has grown for improved methods of
controlling the formation of the coating, including the forma-
tion of individual layers within a multi-layered coating. His-
torically, these types of coatings were deposited by contacting
a substrate surface with a liquid phase. While this technique
enables efficient coating deposition, it frequently results in
limited film property control and requires expensive liquid
chemical handling. In the case of coating a surface of a
nanometer scale device, use of liquid phase processing limits
device yield due to contamination and capillary forces. More
recently, deposition of coatings from a vapor-phase has been
used in an attempt to improve coating properties. However,
the common vapor-phase deposition methods may not permit
sufficient control of the molecular level reactions taking place
during the deposition of surface bonding layers or during the
deposition of functional coatings, when the deposited coating
needs to function on a nanometer (nm) scale.

[0009] Organic layers are actively used in biomedical
research, where microfluidic or microarray chips are fabri-
cated for screening of chemical and biological materials,
toxicology, gene expression analysis, etc. These applications
require a high level of flexibility in deposition of a variety of
organic molecules with different functionalities on a micro
device. Although silicon has been used as a substrate for such
applications, other materials have been used such as glass
(typically soda lime glass), metals (stainless steel and copper
alloys, by way of example and not limitation), and plastics
(PDMS, PMMA, Polycarbonate, and Acrylic, by way of
example and not by way of limitation).

[0010] Methodshave been developed for depositing silane-
terminated organic molecules on silicon and thiols on gold.
Although these techniques are widely used, they do not pro-
vide the required level of functional flexibility due to the
limited availability of synthesized silane-based and thiol-
based precursors with desired functionality.

[0011] For purposes of illustrating methods of coating for-
mation where vaporous and liquid precursors are used to
deposit a coating on a substrate, applicants would like to
mention the following publications and patents which relate
to methods of coating formation, for purposes of illustration.
Applicants would like to make it clear that some of this
Background Art is not prior art to the present invention. It is
mentioned here because it is of interest to the general subject
matter.

[0012] In an article by Barry Arkies entitled “Tailoring
surfaces with silanes”, published in CHEMTECH, in Decem-
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ber of 1977, pages 766-777, the author describes the use of
organo silanes to form coatings which impart desired func-
tional characteristics to an underlying oxide-containing sur-
face. In particular, the organo silane is represented as R SiX
@) Where X is a hydrolyzable group, typically halongen,
alkoxy, acyloxy, or amine. Following hydrolysis, a reactive
silanol group is said to be formed which can condense with
other silanol groups, for example, those on the surface of
siliceous fillers, to form siloxane linkages. Stable condensa-
tion products are said to be formed with other oxides in
addition to silicon oxide, such as oxides of aluminum, zirco-
nium, tin, titanium, and nickel. The R group is said to be a
nonhydrolyzable organic radical that may possess function-
ality that imparts desired characteristics. The article also dis-
cusses reactive tetra-substituted silanes which can be fully
substituted by hydrolyzable groups and how the silicic acid
which is formed from such substituted silanes readily forms
polymers such as silica gel, quartz, or silicates by condensa-
tion of the silanol groups or reaction of silicate ions. Tetra-
chlorosilane is mentioned as being of commercial importance
since it can be hydrolyzed in the vapor phase to form amor-
phous fumed silica.

[0013] The article by Dr. Arkles shows how a substrate with
hydroxyl groups on its surface can be reacted with a conden-
sation product of an organosilane to provide chemical bond-
ing to the substrate surface. The reactions are generally dis-
cussed and, with the exception of the formation of amorphous
fumed silica, the reactions are between a liquid precursor and
a substrate having hydroxyl groups on its surface. A number
of different applications and potential applications are dis-
cussed.

[0014] In an article entitled “Organized Monolayers by
Adsorption. 1. Formation and Structure of Oleophobic Mixed
Monolayers on Solid Surfaces”, published in the Journal of
the American Chemical Society, Jan. 2, 1980, pp. 92-98,
Jacob Sagiv discussed the possibility of producing oleopho-
bic monolayers containing more than one component (mixed
monolayers). The article is said to show that homogeneous
mixed monolayers containing components which are very
different in their properties and molecular shape may be
easily formed on various solid polar substrates by adsorption
from organic solutions. Irreversible adsorption is said to be
achieved through covalent bonding of active silane molecules
to the surface of the substrate.

[0015] In June of 1991, D. J. Ehrlich and J. Melngailis
published an article entitled “Fast room-temperature growth
of Si0, films by molecular-layer dosing” in Applied Physics
Letters 58 (23), pp. 2675-2677. The authors describe a
molecular-layer dosing technique for room-temperature
growth of a-SiO, thin films, which growth is based on the
reaction of H,O and SiCl, adsorbates. The reaction is cata-
lyzed by the hydrated SiO, growth surface, and requires a
specific surface phase of hydrogen-bonded water. Potential
applications such as trench filling for integrated circuits and
hermetic ultrathin layers for multilayer photoresists are men-
tioned. Excimer-laser-induced surface modification is said to
permit projection-patterned selective-area growth on silicon.
[0016] An article entitled “Atomic Layer Growth of SiO,
on Si(100) Using The Sequential Deposition of SiCl, and
H,O” by Sneh et al. in Mat. Res. Soc. Symp. Proc. Vol 334,
1994, pp. 25-30, describes a study in which SiO, thin films
were said to be deposited on Si(100) with atomic layer control
at 600° K (~327° C.) and at pressures in the range of 1 to 50
Torr using chemical vapor deposition (CVD).
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[0017] InU.S.Pat.No. 5,372,851, issued to Ogawa et al. on
Dec. 13, 1995, a method of manufacturing a chemically
adsorbed film is described. In particular a chemically
adsorbed film is said to be formed on any type of substrate in
a short time by chemically adsorbing a chlorosilane based
surface active-agent in a gas phase on the surface of a sub-
strate having active hydrogen groups. The basic reaction by
which a chlorosilane is attached to a surface with hydroxyl
groups present on the surface is basically the same as
described in other articles discussed above.

[0018] Ashish Bansal et al., in an article entitled “Alkyla-
tion of Silicon Surfaces Using a Two-Step Halogenation/
Grignard Route”, J. Am. Chem. Soc. 1996, 118, 7225-7226,
describe a strategy to functionalize HF-etched Si surfaces
which involves halogenation and subsequent reaction with
alkyl Grignard or alky] lithium reagents. They report vibra-
tional spectroscopic and temperature programmed desorp-
tion data which is said to confirm that the alkyl groups are
bonded covalently to the Si surface. They claim to have dem-
onstrated that undesirable oxidation of Si can be impeded
using their method in a variety of environments while provid-
ing surfaces of high electrical quality.

[0019] In an article by X.-Y. Zhu et al, entitled “Chemical
Vapor Deposition of Organic Monolayers on Si(100) via
Si—N linkages, Langmuir 1999, 15, 8147-8154, the authors
describe soft thin films, i.e., organic monolayers, which are
assembled on Si(100) from chemical vapor deposition (CVD)
of amine molecules (R—NH,) on a monochloride-covered
surface. The N anchor is said to be bridged between two
surface Si atoms while the hydrocarbon group remains intact.
This same subject matter is discussed in U.S. Pat. No. 6,403,
382, issued Jun. 11, 2002 to Zhu et al., which describes an
approach for the covalent assembly of organic molecules on
silicon surfaces: This is achieved by the reaction between a
nucleophilic functional group and a halogenated silicon sur-
face. The nucleophilic functional group is said to provide an
anchor which bridges between two surface silicon atoms.
This is illustrated in FIG. 1, when an organic amine is used as
the nucleophilic functional group. The resulting organic layer
is said to be thermally stable. The method is said to be gen-
erally applicable for the assembly of functional organic mol-
ecules under a vacuum environment or in liquid solution. The
method is said to contemplate silicon substrates in which
silicon is available for reaction with halogen and organic
nucleophilic compounds. In a preferred embodiment
example, the surface of a silicon substrate is cleaned by heat-
ing a native oxide covered surface in a vacuum environment
to above 1250° K (977° C.). The resulting surface was
exposed to a saturation dose of Cl, gas in vacuum at 300° K
(27° C.) to form the monochloride Si(100)-(2x1)C1 surface,
which was subsequently transferred to a high vacuum reactor
where amine-containing molecules were attached at a gas
pressure of 1x1072 Torr at a surface temperature of 450° K
(177° C.) for atime period of about 2 hours. Alternatively, Cl,
gas is applied to a clean silicon substrate at 0.2 Torr while the
substrate is illuminated by a 300 W tungsten lamp for 2
minutes.

[0020] U.S. Patent Publication No. US 2002/0065663 Al,
published on May 30, 2002, and titled “Highly Durable
Hydrophobic Coatings And Methods”, describes substrates
which have a hydrophobic surface coating comprised of the
reaction products of a chlorosilyl group containing com-
pound and an alkylsilane. The substrate over which the coat-
ing is applied is preferably glass. In one embodiment, a sili-
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con oxide anchor layer or hybrid organo-silicon oxide anchor
layer is formed from a humidified reaction product of silicon
tetrachloride or trichloromethylsilane vapors at atmospheric
pressure. Application of the oxide anchor layer is, followed
by the vapor-deposition of a chloroalkylsilane.

[0021] Simultaneous vapor deposition of silicon tetrachlo-
ride and dimethyldichlorosilane onto a glass substrate is said
to result in a hydrophobic coating comprised of cross-linked
polydimethylsiloxane which may then be capped with a fluo-
roalkylsilane (to provide hydrophobicity). The substrate is
said to be glass or a silicon oxide anchor layer deposited on a
surface prior to deposition of the cross-linked polydimethyl-
siloxane. The substrates are cleaned thoroughly and rinsed
prior to being placed in the reaction chamber.

[0022] Other known related references pertaining to coat-
ings deposited on a substrate surface from a vapor include the
following, as examples and not by way of limitation. U.S. Pat.
No. 5,576,247 to Yano et al., issued Nov. 19, 1996, entitled:
“Thin layer forming method where hydrophobic molecular
layers preventing a BPSG layer from absorbing moisture”.
U.S. Pat. No. 5,602,671 of Hornbeck, issued Feb. 11, 1997,
which describes low surface energy passivation layers for use
in micromechanical devices. An article entitled “Vapor phase
deposition of uniform and ultrathin silanes”, by Yuchun Wang
et al., SPIE Vol. 3258-0277-786X(98) 20-28, in which the
authors describe uniform, conformal, and ultrathin coatings
needed on the surface of biomedical microdevices such as
microfabricated silicon filters, in order to regulate hydrophi-
licity and to minimize unspecific protein adsorption. Jian
Wang et al., in an article published in Thin Solid Films 327-
329 (1998) 591-594, entitled: “Gold nanoparticulate film
bound to silicon surface with self-assembled monolayers”,
discuss a method for attaching gold nanoparticles to silicon
surfaces with a self aligned monolayer (SAM) used for sur-
face preparation”.

[0023] T.M.Mayer etal. describe a “Chemical vapor depo-
sition of fluoroalkylsilane monolayer films for adhesion con-
trol in microelectromechanical systems™ in J. Vac. Sci. Tech-
nol. B 18(5), September/October 2000. This article mentions
the use of a remotely generated microwave plasma for clean-
ing a silicon substrate surface prior to film deposition, where
the plasma source gas is either water vapor or oxygen.

[0024] Various methods useful in applying layers and coat-
ings to a substrate have been described above, and there is not
sufficient space available here to discuss even a minor portion
of the numerous patents and publications which relate to the
deposition of functional coatings on substrates. However,
upon reading these informative descriptions, it becomes
readily apparent that control of coating deposition on a
molecular level is not addressed in detail in most instances.
When this is discussed, the process is typically described in
generalized terms like those mentioned directly above, which
terms are not enabling to one skilled in the art, but merely
suggest experimentation. To provide a monolayer or a few
layers of a functional coating on a substrate surface which is
functional or exhibits features on a nanometer scale, it is
necessary to tailor the coating by controlling its deposition
precisely. Without precise control of the deposition process,
the coating may lack uniform surface coverage, leaving por-
tions of the substrate exposed. Or, the coating may differ in
structural composition and homogeneity across the surface of
the substrate. Any one of these non-uniformities may result in
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functional discontinuities and defects on the coated substrate
surface which are unacceptable for the intended application
of the coated substrate.

[0025] U.S. patent application Ser. No. 10/759,857 of the
present applicants describes processing apparatus which can
provide specifically controlled, accurate delivery of precise
quantities of reactants to the process chamber, as a means of
improving control over a coating deposition process. The
subject matter of the 857 application has been incorporated
by reference in its entirety into the present application. The
focus of the present application is related to a method of
attaching functional organic coatings to a variety of sub-
strates, where the method requires the delivery of accurate
quantities of reactive materials, and provides a uniform, func-
tional coating on a nanometer scale. The coating exhibits
sufficient uniformity of thickness, chemical composition and
structural composition over the substrate surface that such
nanometer scale functionality is achieved.

[0026] Despite all of the interest in the attachment of func-
tional groups to silicon or silicon oxide, there remains a need
in the bio IC and MEMS fabrication industries for a straight
forward method of attaching functional groups to a substrate
surface (not only to silicon or silicon oxide, but also to a
variety of other materials) in a controlled manner which per-
mits tailoring of a substrate surface to have a particular struc-
ture which provides specific functional properties.

SUMMARY OF THE INVENTION

[0027] We have developed an improved vapor-phase depo-
sition method and apparatus for the application of organic
molecules having a variety of functional groups as films
(coatings) on a variety of different substrate materials. The
substrate surface is halogenated using a specialized technique
which is dependent on the substrate. The precursors for the
organic molecules contain at least one nucleophilic func-
tional group capable of reacting with a halogenated substrate
surface. The halogenation of the substrate surface and the
subsequent reaction with the organic molecule nucleophilic
functional group are carried out in the same process chamber
in a manner such that the halogenated substrate surface does
not lose its functionality prior to reaction with the nucleo-
philic functional group(s) on the organic molecule. Typically
the process chamber is operated under a pressure ranging
from about 10 mTorr to about 10 Torr. It would be possible to
operate at a lower pressure (this is more expensive because of
the kind of vacuum pump required), but a lower pressure is
not required for most applications.

[0028] The substrate surface preparation frequently
includes the use of a plasma or ozone treatment. Preferably,
the plasma is a remotely-generated plasma. One preferred
plasma is generated from an oxygen-containing plasma
source gas. This substrate surface preparation removes any
organic contamination from the substrate surface, and in
some instances activates the surface for reaction. Depending
on the substrate, the substrate surface preparation may not be
required if the substrate surface is very clean and the substrate
is treated to apply an adhesion promoting layer.

[0029] Application of an adhesion promoting layer is
optional with respect to some substrates, for example those
which have an oxide layer on their surface. For other sub-
strates, such as most plastics, application of an adhesion
promoting layer may be necessary. Application of an adhe-
sion promoting layer is generally carried out by reacting the
substrate surface with halogen-containing gaseous com-
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pound, which is typically used in combination with water
vapor, in a low pressure (pressure ranging from about 5 Torr
to about 50 Torr environment. However, at pressures above
about 10 Torr reactive materials are typically in excess of the
amount needed to provide the adhesion promoting layer, and
reactive materials are wasted. Examples of such halogen-
containing compounds include SiCl,, Si,0Cl,, SnCl,, PCls,
and SOCI,, not by way of limitation.

[0030] Relative vapor pressure ratios of the halogen-con-
taining gaseous compound to the water vapor in the process
chamber range from about 1:4 to about 1:10, depending on
which halogen-containing compound is used. The relative
vapor pressures are set so that not all of the water present in
the process chamber will be consumed in the reaction. Typi-
cally the reaction temperature ranges from about 25° C. to
about 60° C., and the reaction time period ranges from about
3 minutes to about 15 minutes. The process in which SiCl, is
the halogen-containing compound creates a thin layer of sili-
con oxide on top of a wide variety of substrates, where the
hydroxylated silicon oxide provides a dense —OH termi-
nated surface for subsequent modification to the halogen-
terminated surface of the present invention.

[0031] The halogenation of the substrate surface, with and/
or without an adhesion oxide layer, is typically carried out by
first pumping down the process chamber in which the sub-
strate is present to a pressure of about 15 mTorr or less, at a
temperature ranging from about 25° C. to about 50° C. for a
time period sufficient to reduce the residual vapor pressure of
water present in the chamber. Halogenation of the hydroxy-
lated substrate surface is done by exposing the surface to a
halogen-containing compound which is capable of reacting
with the —OH active sites on the substrate surface. Examples
of preferred halogen-containing compounds include com-
pounds represented as R, SiX,_,, where X is a hydrolyzable
group, typically halogen, alkoxy, acyloxy, or amine, and R,
represents an organic moiety. Chlorosilanes and chlorosilox-
anes such as SiCl, or Si,OCly work particularly well. This
process builds a layer of halogenated molecules on an oxide
surface which was originally present or which was produced
by an adhesion layer deposition. An additional pump down of
the chamber, followed by exposure of the surface to addi-
tional halogen-containing compound may be used to scav-
enge all residual water in the process chamber and to ensure
that complete halogenation of the substrate surface is
achieved.

[0032] Halogenated layers comprised of —SiCl; or
—=iCl, groups, created in the manner described above, have
performed well in the method of the invention. The haloge-
nation process typically is carried out at a process chamber
pressure ranging from about 1 Torr to about 5 Torr and at a
temperature ranging from about 25° C. to about 100° C.,
where the reaction time ranges from about 1 minute to about
10 minutes. When SiCl,, is used as the precursor for formation
of'the halogenated layer on the substrate surface, for example,
the pressure in the process chamber is in the range of about 1
Torr to about 4 Torr and the reaction is carried out for a time
period of about 3 to 5 minutes, and then the process chamber
is pumped down and the application of SiCl, is repeated,
typically at least one additional time.

[0033] The organic layer deposition over the halogenated
substrate surface is accomplished by exposing the haloge-
nated surface to an organic molecule containing at least one
nucleophilic functional group, where the organic molecule is
in a vaporous state. The reaction between the halogenated
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surface and the organic molecule is carried out in a low
pressure environment, where the pressure typically ranges
from about 0.1 Torr to about 10 Torr. For example, when the
organic molecule is hexanediol, the pressure in the process
chamber is typically in the range of about 0.1 Torr to about 1
Torr, and more typically in the range of about 0.1 Torr to about
0.3 Torr. The reaction is typically carried out at a temperature
ranging from about 25° C. to about 100° C., and more typi-
cally ranging from about 50° C. to about 60° C., for a time
period ranging from about 10 minutes to about 30 minutes.
Often the time period is in the range of about 15 minutes. In
some instances, depending on the nucleophilic organic mol-
ecule and other process variable conditions, the process
chamber may be pumped down, additional nucleophilic func-
tional organic molecule reagent added, and the reaction pro-
cess may be repeated at least once. Typically the cycle in
which the process chamber is pumped down and the nucleo-
philic organic reagent is charged is carried out in the range of
2to 5 times, with a 4 cycle process providing excellent results.
[0034] The coating formation method typically, but not
necessarily, employs a batch-like addition and mixing of all
of the reactants to be consumed in a given process step,
whether that step is one in a series of steps or is the sole step
in a coating formation process. In some instances, the coating
formation process may include a number of individual steps
such as the formation of an oxide on a substrate surface,
hydrolization of the oxide surface, conversion of the hydro-
lyzed oxide surface to ahalogen-containing surface, and reac-
tion of the halogen-containing surface with a nucleophilic
functional organic molecule, where repetitive reactive pro-
cesses may be carried out in any individual step.

[0035] The apparatus used to carry out the method provides
for the addition of a precise amount of each of the reactants to
be consumed in a single reaction step of the coating formation
process. The apparatus may provide for precise addition of
quantities of different combinations of reactants during each
individual step when there are a series of different individual
steps in the coating formation process.

[0036] In addition to the control over the amount of reac-
tants added to the process chamber, the present invention
requires precise control over the cleanliness of the substrate,
the order of reactant(s) introduction, the total pressure (which
is typically less than atmospheric pressure) in the process
chamber, the partial vapor pressure of each vaporous compo-
nent present in the process chamber, the temperature of the
substrate and chamber walls. The control over this combina-
tion of variables determines the deposition rate and properties
of'the deposited layers. By varying these process parameters,
we control the amount of the reactants available, the density
of reaction sites, and the film growth rate, which is the result
of the balance of the competitive adsorption and desorption
processes on the substrate surface, as well as any gas phase
reactions.

[0037] The coating deposition process is carried out in a
vacuum chamber where the total pressure is lower than atmo-
spheric pressure and the partial pressure of each vaporous
component making up the reactive mixture is specifically
controlled so that formation and attachment of molecules on
a substrate surface are well controlled processes that can take
place in a predictable and reproducible manner. As previously
mentioned, the surface concentration and location of reactive
species are controlled using total pressure in the processing
chamber, the kind and number of vaporous components
present in the process chamber, the partial pressure of each
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vaporous component in the chamber, temperature of the sub-
strate, temperature of the process chamber walls, and the
amount of time that a given set of conditions is maintained.
[0038] In some instances, where it is desired to have a
particularly uniform growth of the composition across the
coating surface, or a variable composition across the thick-
ness of a multi-layered coating, more than one batch of reac-
tants may be charged to the process chamber during forma-
tion of the coating.

[0039] The coatings formed by the method of the invention
are sufficiently controlled that the surface roughness of the
coating in terms of RMS is less than about 10 nm, and is
typically in the range of about 0.1 nm to 5 nm.

[0040] In instances where it is desired to create multilay-
ered coatings, it is advisable to use oxygen plasma treatment
to regenerate and to hydroxylize an oxide surface on the
substrate, which oxide surface can serve as the substrate for
formation of a new halogenated surface which is subse-
quently reacted with a nucleophilic functional organic mol-
ecule. This oxygen plasma treatment activates dangling
bonds on the substrate surface, which dangling bonds can be
reacted by exposure to a controlled partial pressure of water
vapor to create an increased concentration of OH reactive
sites on the substrate surface. The coating deposition process
may then be repeated, increasing the coating thickness.
[0041] A computer driven process control system may be
used to provide for a series of additions of reactants to the
process chamber in which the layer or coating is being
formed. This process control system typically also controls
other process variables, such as, (for example and not by way
of limitation), total process chamber pressure (typically less
than atmospheric pressure), substrate temperature, tempera-
ture of process chamber walls, temperature of the vapor deliv-
ery manifolds, processing time for given process steps, and
other process parameters if needed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] FIG. 1 shows a cross-sectional schematic of one
embodiment of the kind of an apparatus which can be used to
carry out a vapor deposition of a coating in accordance with
the method of the present invention.

[0043] FIG.2A-1 shows a reaction schematic where a start-
ing substrate structure 200A, which has no hydroxyl groups
present on the substrate surface, is reacted with vaporous
silicon tetrachloride 208 and water vapor 206, to produce a
silicon oxide layer 210 with newly formed —OH, moieties
214 on the surface and within the generally silicon oxide
structure 210 of reacted structure 220A. If the amount of
water vapor is deficient, some silicon-chlorine bonds may
also be present within the oxide structure.

[0044] FIG. 2 A-2 shows a reaction schematic for an alter-
native starting substrate structure 200B, where there are
hydroxyl groups 204 initially present on the substrate surface.
After a reaction of vaporous silicon tetrachloride 208 with
surface hydroxyl groups 204 (and with whatever ambient
moisture is present in the reaction environment, not shown), a
layer of silicon oxide 210 is formed on the substrate surface
203. Depending on the amount of residual moisture (not
shown) present in the processing chamber relative to the
amount of silicon tetrachloride, not all of the Si—Cl groups
208 may be converted to an oxide. In the reacted structure
220B, there may be both unreacted —OH groups 204 or
unreacted Si—Cl groups 216 depending on the ratio of silicon
tetrachloride to water vapor. There may be some newly
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formed —OH moieties 214 (in the case of excess of water)
present along with chlorine 216 (in the case of excess SiCl,)
within the generally silicon oxide structure 210 of reacted
structure 220B.

[0045] FIG. 2B shows a reaction schematic where the pro-
cessed substrate 2A-2 (220B) having residual —OH groups
204 or newly formed —OH groups 214 (or processed sub-
strate 2A-1, not shown) is reacted with vaporous silicon tet-
rachloride 208 in the absence of moisture, to convert all OH
groups to silicon oxide 210 and to create a chlorinated struc-
ture 232 on the top surface.

[0046] FIG. 2C is a reaction schematic where the starting
substrate is substrate 230, with reactive chlorinated sites 216,
which are exposed to a vapor of an organic molecule 242
which contains nucleophilic functional groups such as
(—OH) functional groups 246 which react with the halogen
moieties, chlorinated sites 216, to chemically bond the
organic molecule 242 to the substrate 202, while producing
HCI 212 as a reaction byproduct. Other organic molecules
which make hydrogen available to react with the chlorine (or
other halogen) can be used, as previously mentioned.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0047] As apreface to the detailed description, it should be
noted that, as used in this specification and the appended
claims, the singular forms “a”, “an”, and “the” include plural
referents, unless the context clearly dictates otherwise.

[0048] As a basis for understanding the invention, it is
necessary to discuss the processing apparatus which permits
precise control over the addition of coating precursors and
other vaporous components present within the reaction/pro-
cessing chamber in which the coating is applied. The appa-
ratus described below is not the only apparatus in which the
present invention may be practiced, it is merely an example of
one apparatus which may be used. One skilled in the art will
recognize equivalent elements in other forms which may be
substituted and still provide an acceptable processing system.

1. AN APPARATUS FOR VAPOR DEPOSITION
OF THIN COATINGS

[0049] FIG. 1 shows a cross-sectional schematic of an
apparatus 100 for vapor deposition of thin coatings. The
apparatus 100 includes a process chamber 102 in which thin
(typically 0.5 nm to 50 nm thick) coatings are vapor depos-
ited. A substrate 106 to be coated rests upon a temperature
controlled substrate holder 104, typically within a recess 107
in the substrate holder 104.

[0050] Depending on the chamber design, the substrate 106
may rest on the chamber bottom (not shown in this position in
FIG. 1). Attached to process chamber 102 is a remote plasma
source 110, connected viaa valve 108. Remote plasma source
110 may be used to provide a plasma which is used to clean
and/or convert a substrate surface to a particular chemical
state prior to application of a coating (which enables reaction
of coating species and/or catalyst with the surface, thus
improving adhesion and/or formation of the coating); or may
be used to provide species helpful during formation of the
coating (not shown) or modifications of the coating after
deposition. The plasma may be generated using a microwave,
DC, or inductive RF power source, or combinations thereof.
The process chamber 102 makes use of an exhaust port 112
for the removal of reaction byproducts and is opened for
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pumping/purging the chamber 102. A shut-off valve or a
control valve 114 is used to isolate the chamber or to control
the amount of vacuum applied to the exhaust port. The
vacuum source is not shown in FIG. 1.

[0051] The apparatus 100 shown in FIG. 1 is illustrative of
a vapor deposited coating which employs two precursor
materials and a catalyst. One skilled in the art will understand
that one or more precursors and from zero to multiple cata-
lysts may be used during vapor deposition of a coating. A
catalyst storage container 116 contains catalyst 154, which
may be heated using heater 118 to provide a vapor, as neces-
sary. It is understood that precursor and catalyst storage con-
tainer walls, and transfer lines into process chamber 102 will
be heated as necessary to maintain a precursor or catalystin a
vaporous state, minimizing or avoiding condensation. The
same is true with respect to heating of the interior surfaces of
process chamber 102 and the surface of substrate 106 to
which the coating (not shown) is applied. A control valve 120
is present on transfer line 119 between catalyst storage con-
tainer 116 and catalyst vapor reservoir 122, where the catalyst
vapor is permitted to accumulate until a nominal, specified
pressure is measured at pressure indicator 124. Control valve
120 is in a normally-closed position and returns to that posi-
tion once the specified pressure is reached in catalyst vapor
reservoir 122. At the time the catalyst vapor in vapor reservoir
122 is to be released, valve 126 on transfer line 119 is opened
to permit entrance of the catalyst present in vapor reservoir
122 into process chamber 102 which is at a lower pressure.
Control valves 120 and 126 are controlled by a programmable
process control system of the kind known in the art (which is
not shown in FIG. 1).

[0052] A Precursor 1 storage container 128 contains coat-
ing reactant Precursor 1, which may be heated using heater
130 to provide a vapor, as necessary. As previously men-
tioned, Precursor 1 transfer line 129 and vapor reservoir 134
internal surfaces are heated as necessary to maintain a Pre-
cursor 1 in a vaporous state, minimizing and preferably avoid-
ing condensation. A control valve 132 is present on transfer
line 129 between Precursor 1 storage container 128 and Pre-
cursor 1 vapor reservoir 134, where the Precursor 1 vapor is
permitted to accumulate until a nominal, specified pressure is
measured at pressure indicator 136. Control valve 132 isin a
normally-closed position and returns to that position once the
specified pressure is reached in Precursor 1 vapor reservoir
134. At the time the Precursor 1 vapor in vapor reservoir 134
is to be released, valve 138 on transfer line 129 is opened to
permit entrance of the Precursor 1 vapor present in vapor
reservoir 134 into process chamber 102, which is at a lower
pressure. Control valves 132 and 138 are controlled by a
programmable process control system of the kind known in
the art (which is not shown in FIG. 1).

[0053] A Precursor 2 storage container 140 contains coat-
ing reactant Precursor 2, which may be heated using heater
142 to provide a vapor, as necessary. As previously men-
tioned, Precursor 2 transfer line 141 and vapor reservoir 146
internal surfaces are heated as necessary to maintain Precur-
sor 2 in a vaporous state, minimizing, and preferably avoiding
condensation. A control valve 144 is present on transfer line
141 between Precursor 2 storage container 146 and Precursor
2 vapor reservoir 146, where the Precursor 2 vapor is permit-
ted to accumulate until a nominal, specified pressure is mea-
sured at pressure indicator 148. Control valve 141 is in a
normally-closed position and returns to that position once the
specified pressure is reached in Precursor 2 vapor reservoir
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146. At the time the Precursor 2 vapor in vapor reservoir 146
is to be released, valve 150 on transfer line 141 is opened to
permit entrance of the Precursor 2 vapor present in vapor
reservoir 146 into process chamber 102, which is at a lower
pressure. Control valves 144 and 150 are controlled by a
programmable process control system of the kind known in
the art (which is not shown in FIG. 1).

[0054] During formation of a coating (not shown) on a
surface 105 of substrate 106, at least one incremental addition
of vapor equal to the vapor reservoir 122 of the catalyst 154,
and the vapor reservoir 134 of the Precursor 1, or the vapor
reservoir 146 of Precursor 2 may be added to process chamber
102. The total amount of vapor added is controlled by both the
adjustable volume size of each of the expansion chambers
(typically 50 cc up to 1,000 cc) and the number of vapor
injections (doses) into the reaction chamber. Further, the set
pressure 124 for catalyst vapor reservoir 122, or the set pres-
sure 136 for Precursor 1 vapor reservoir 134, or the set pres-
sure 148 for Precursor 2 vapor reservoir 146, may be adjusted
to control the amount (partial vapor pressure) of the catalyst
or reactant added to any particular step during the coating
formation process. This ability to control precise amounts of
catalyst and vaporous precursors to be dosed (charged) to the
process chamber 102 at a specified time provides not only
accurate dosing of reactants and catalysts, but repeatability in
the vapor charging sequence.

[0055] This apparatus provides arelatively inexpensive, yet
accurate method of adding vapor phase precursor reactants
and catalyst to the coating formation process, despite the fact
that many of the precursors and catalysts are typically rela-
tively non-volatile materials. In the past, flow controllers
were used to control the addition of various reactants; how-
ever, these flow controllers may not be able to handle some of
the precursors used for vapor deposition of coatings, due to
the low vapor pressure and chemical nature of the precursor
materials. The rate at which vapor is generated from some of
the precursors is generally too slow to function with a flow
controller in a manner which provides availability of material
in a timely manner for the vapor deposition process.

[0056] The apparatus discussed above allows for accumu-
lation of the specific quantity of vapor in the vapor reservoir
which can be charged (dosed) to the reaction chamber. In the
event it is desired to make several doses during the coating
process, the apparatus can be programmed to do so, as
described above. Additionally, adding of the reactant vapors
into the reaction chamber in controlled aliquots (as opposed
to continuous flow) greatly reduces the amount of the reac-
tants used and the cost of the coating. In some cases precursor
vapor can be collected directly in the reaction chamber by
by-passing the vapor reservoir.

[0057] One skilled in the art of chemical processing of a
number of substrates simultaneously will recognize that a
processing system which permits heat and mass transfer uni-
formly over a number of substrate surfaces simultaneously
may be used to carry out the present invention.

II. EXEMPLARY EMBODIMENTS OF THE
METHOD OF THE INVENTION

[0058] A method of the invention provides for vapor-phase
deposition of coatings, where a processing chamber of the
kind, or similar to the processing chamber described above is
employed. Each coating precursor is transferred in vaporous
form to a precursor vapor reservoir in which the precursor
vapor accumulates. A nominal amount of the precursor vapor,
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which is the amount required for a coating layer deposition is
accumulated in the precursor vapor reservoir. The at least one
coating precursor is charged from the precursor vapor reser-
voir into the processing chamber in which a substrate to be
coated resides. In some instances at least one catalyst vapor is
added to the process chamber in addition to the at least one
precursor vapor, where the relative quantities of catalyst and
precursor vapors are based on the physical characteristics to
be exhibited by the coating. In some instances a diluent gas is
added to the process chamber in addition to the at least one
precursor vapor (and optional catalyst vapor). The diluent gas
is chemically inert and is used to increase a total desired
processing pressure, while the partial pressure amounts of
coating precursors and optionally catalyst components are
varied.

[0059] The example embodiments described below are
with reference to the bonding of an organic molecule contain-
ing a nucleophilic functional group with a substrate surface
presenting reactive halogen sites. The reactive halogen sites
are created by a specialized treatment which is dependent on
the substrate composition. The density of the reactive halogen
sites on the substrate is controlled as a method of controlling
the density of the organic molecule attachment on the sub-
strate surface.

[0060] When the substrate surface is one which does not
provide hydroxyl groups, as shown in FIG. 2A-1 (structure
200A), it is necessary to create an adhesion promoting layer
220A. This is typically done by first cleaning (not shown)
substrate 202, commonly using an oxygen-containing
plasma. The clean surface is then contacted with a combina-
tion of vaporous H,O and a vaporous halogen-containing
precursor, such as the silicon tetrachloride 208 shown in FI1G.
2A-1. Depending on the relative amounts of the vaporous
H,0and SiCl,, there are typically —OH moieties 214 present
within the adhesion promoting layer 220A. A large portion of
the adhesion promoting layer 220A is the silicon oxide struc-
ture 210. When there is excess SiCl, present, the water is
consumed in the formation of silicon oxide on the substrate
surface and some chlorine 216 may be present. This is inde-
pendent of the substrate surface material composition. Typi-
cally the silicon oxide layer formed on the substrate surface is
in the range of about 10 A to about 200 A in thickness.
However, ifitis desired to have a thicker layer of silicon oxide
underlying the organic molecule to provide a particular
mechanical behavior of the coated substrate, additional water
and SiCl, can be added to the process chamber to form a
thicker adhesion promoting layer. When the water is con-
sumed, the oxide layer growth ceases.

[0061] When the substrate surface is one which does pro-
vide active hydroxyl groups 204 initially, as shown in FIG.
2A-2 (structure 200B) this substrate may be cleaned as
described above if necessary. The active hydroxyl groups are
then contacted with a vaporous halogen-containing reactant
compound, such as the silicon tetrachloride 208 shown in
FIG. 2A-2. The halogen-containing reactant compound is
applied without adding water. There is typically some
residual water vapor present in the processing chamber, and
depending on the amount of water present (not shown) and
the amount of SiCl, dosed, not all of the hydroxyl groups 204
may be converted to an oxide. In the reacted structure 220B,
there may still be unreacted —OH groups 204. In addition,
there may be some newly formed —OH moieties 214 present
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within the generally silicon oxide structure 210 of reacted
structure 220B, until the water vapor is completely scav-
enged.

[0062] The generally silicon oxide structure 220A or 220B,
is subsequently reacted with additional vaporous halogen-
containing compound, illustrated as silicon tetrachloride 208
in FIG. 2B. This reaction with additional vaporous halogen-
containing compound is carried out without removing the
substrate from the processing chamber, so that all of the water
vapor which might have initially been present in the process
chamber has been scavenged. As a result, as shown in FIG.
2B, the reacted structure 230 obtained no longer has residual
—OH moieties 204 or 214 present, and there is a surface of
halogen moieties 216 available across the entire surface 203
of substrate 202.

[0063] Ingeneral,itis helptul to reduce the amount of water
vapor which is initially present in the processing chamber
environment, so that it is not necessary to consume as much
halogen-containing compound during the organic coating
formation process (and so that fewer water vapor scavenging
cycles are required). The amount of water vapor initially
present in the processing chamber environment is reduced by
pumping down the process chamber to a pressure ranging
between about 10 mTorr and about 1 Torr, with a lower
pressure in the range of about 10 mTorr being preferred for
maximum removal of water vapor. Pressures lower than 10
mTorr may be used, but this is more expensive, since the
vacuum pump required is considerably more expensive. The
process temperature at which the residual water vapor is
scavenged by reaction with halogen-containing compound
typically ranges from about 25° C. to about 100° C.

[0064] A chlorine-containing compound is often the more
advantageous halogen-containing compound, because the
HCI formed upon reaction with the —OH groups is easily
removed from a process chamber at the pressures recited
above. The chlorine-containing compound can be organic or
inorganic, as long as the reaction with —OH groups is easily
carried out and all reaction byproducts are volatile and easily
removed from the processing chamber. Inorganic halogen-
containing compounds have been demonstrated to work well.
Chlorine-containing inorganic compounds such as SiCl,,
S1,0Cl,, SnCl,, PCls, and SOCI,, by way of example, are
sufficiently volatile to be used as vaporous reagents in the
method of the invention.

[0065] Once the substrate surface is halogenated, any
organic molecule containing a nucleophilic functional group
which is not stearically hindered can be attached to the halo-
genated surface. Examples of such nucleophilic functional
groups include organic compounds such as RNH, and ROH,
and organic compounds including —NH, —SH, —SeH,
—The and—PH, functional groups. Additional organic com-
pounds which may be used include alkyl-lithium compounds
(RLi: where R—C,H,, CcH,5, and C, H;,, by way of
example). Alkyl-Grignard reagents may also be used (RMgX:
where R—CH,, C,H,, C,H,, C;H, C,H, 5, C,H,,, C,,H,s,
and C,3H;,, and where X—Cl or Br). Gilman reagents are
also useful as a source organic molecule containing func-
tional groups. A Gilman reagent is a lithium and copper
(diorganocopper) reagent compound, R__{2}CuLi, where R
is an organic radical. These reagents react with chlorides,
bromides, and iodides to replace the halide group with an R
group. The Gilman reagents can be used to create larger
molecules from smaller ones.
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[0066] As previously discussed, when the substrate surface
to which the functional-group-containing organic molecule is
to be attached does not present —OH sites, these sites must be
created. Typically this is accomplished by creating an oxide
layer on the substrate surface and then applying moisture to
the oxide layer surface. Often it is advantageous to clean the
substrate surface prior to creating the oxide layer. This may be
done using a plasma or ozone treatment. A remotely gener-
ated plasma, generated from oxygen or an oxygen-containing
compound can be fed into the process chamber to treat the
substrate surface. This process removes any organic contami-
nation from the substrate surface and activates it for reaction.
An adhesion promoting oxide layer is then created on the
substrate surface by treating the substrate surface with a com-
bination of a gaseous halogen-containing compound (which
useful in generating an oxide) and water vapor. The oxide
provides a dense OH-terminated surface. This OH-termi-
nated surface is then converted to a halogen-containing sur-
face which can be reacted with an organic molecule contain-
ing a nucleophilic functional group in the manner described
above.

Example One

Controlling the Relative Quantities of Hydroxyl and
Halogen Reactive Sites on a Substrate Surface

[0067] A technique for adjusting the number of OH reactive
sites available on the surface of the substrate is to apply an
oxide coating over the substrate surface while providing the
desired concentration of OH reactive sites available on the
oxide surface. In particular, in FIG. 2A-1 structure 200A
which has no —OH groups 204 present on the substrate
surface 203. A chlorine-containing compound, such as the
silicon tetrachloride 208 shown, and water 206 are reacted
with the surface 203, either in sequence (typically with the
chlorine-containing compound charged to the reactor first) or
simultaneously to produce the oxide layer 210 shown on
surface 203 of substrate 202 and byproduct HC1 212. When
the quantity of water vapor 206 (the water vapor partial pres-
sure in the process chamber) present relative to the amount of
silicon tetrachloride gas 208 (the silicon tetrachloride vapor
partial pressure) is in the range of about 4:1 to about 10:1, the
chlorine atoms 216 shown at the top of the oxide layer 210
will be reacted to form additional —OH groups (not shown).
When the quantity of water vapor 206 present relative to the
amount of silicon tetrachloride gas 208 is in the range of less
than 0.2:1, the chlorine atoms 216 will be present on the upper
surface of the deposited layer 210 as shown in FIG. 2B struc-
ture 230, to provide a halogenated substrate surface. Various
degrees of halogenation of the substrate surface can be
obtained by controlling the relative vapor pressures of water
and halogen-containing compound during the reaction pro-
cess, and by scavenging away all of the water vapor using the
halogenated-compound, as previously described. The degree
of halogenation with all other variables held constant is also
affected by the temperature of the substrate and the process-
ing chamber surfaces.

[0068] A halogenated substrate surface can subsequently
be reacted with an organic molecule containing a nucleophilic
functional group to provide an organic coating which may
exhibit residual functional groups upon which further reac-
tive processes may be carried out. For example, subsequent to
the reaction shown in FIG. 2B, the halogenated surface 216 of
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the oxide layer 210 can be further reacted as shown in F1G. 2C
to provide the organic coating described above.

Example Two

Demonstration of Control of Concentration of Halo-
gen Reactive Sites on a Substrate Surface

[0069] In the exemplary embodiments discussed below, a
silicon oxide coating was applied over a substrate. The sub-
strate was a silicon substrate, which was first treated with an
oxygen plasma in the presence of residual moisture which
was present in the process chamber (after pump down of the
chamber to about 20 mTorr) to provide a clean surface (free
from organic contaminants). Because the substrate was sili-
con, this treatment also provides —OH groups on the silicon
surface. A typical plasma treatment process is one carried out
in the processing chamber apparatus described herein using a
remotely generated plasma. The remotely generated plasma
is generated from a plasma source gas containing oxygen at a
volumetric percentage ranging from about 50% oxygen up to
about 100% oxygen. An RF power is applied to the plasma
source gas using techniques known in the art to generate a
plasma. In the present instance, for a plasma source gas of
about 99.9% oxygen, flowing at a rate of about 20-100 sccm,
200 W of RF power at 13.56 MHz was applied to generate the
plasma in a chamber which was at a temperature ranging from
about 25° C. to about 60° C. The plasma was fed through a
tube into the substrate processing chamber, and the substrate
was contacted with the plasma for a period of about 1 minutes
to about 5 minutes. The pressure in the processing chamber
during the plasma treatment was typically in the range of
about 0.1 Torr to about 0.5 Torr.

[0070] Table I, below indicated different process condi-
tions which were used for the subsequent reaction of the OH
groups on the silicon surface. The process chamber was first
pumped down to 15 mTorrat 60° C., to remove as much of the
residual moisture in the process chamber as possible. In the
first experimental run, after pump down of the chamber, the
substrate surface was treated with vaporous tetrachlorosilane
only. In the second experimental run, after pump down of the
chamber, the substrate surface was treated with a combination
of vaporous tetrachlorosilane and water vapor. In each case,
following the creation of chlorine sites on the surface of the
substrate, the substrate surface was contacted with hexane
diol to form an organic coating with —OH functional groups
on the surface of the substrate. The water-based contact angle
was then measured for each of the coated substrates, to dem-
onstrate the difference in the amount of chlorine sites which
were present to react with the hexanediol. The larger the
number of reactive chlorine sites, the higher the density of
organic molecules on the substrate surface, and the higher the
contact angle with the water droplet.

[0071] In both experimental runs, the treatment with the
SiCl, or SiCl, and H,O reactants was carried out three times.
There were three reaction cycles where the SiCl, or SiCl, and
H,O reactants were recharged to the process chamber and
reacted, followed by pump down of the process chamber to 15
mTorr at the end of each reaction cycle. The temperature in
the process chamber for halogenation of the substrate surface
may range from about 25° C. to about 100° C.; the tempera-
ture for these experimental runs was 60° C. The reaction time
period for the halogenation of the substrate may range from
about 3 minutes to about 30 minutes per cycle; the reaction
time period for each cycle during these experimental runs was
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3 minutes. The use of three reaction cycles was done to make
certain that residual moisture in the process chamber was
fully scavenged and that the surface created was that which
would be created by the partial pressure(s) of the reactive
compounds shown in the table above.

[0072] In both experimental runs, after completion of the
halogenation of the substrate surface, the substrate surface
was reacted with hexanediol. The vapor pressure of the hex-
anediol 242 in the process chamber may be in the range from
about 0.1 Torr to about 0.3 Torr; for these experimental runs,
the hexanediol vapor pressure was 0.3 Torr. The temperature
in the process chamber may be in the range of about 25° C. to
about 100° C.; for these experimental runs, the temperature
was 60° C. The reaction time period for the hexanediol may
range from about 15 minutes to about 30 minutes; for these
experimental runs, the time of reaction was 30 minutes. After
completion of the reaction, excess hexanediol was pumped
out of the process chamber, using a vacuum pump, down to
about 15 mTorr. The contact angle was measured using a
Rame-Hart Goniometer, Model 100 apparatus available from
Rame-Hart, following the drop shape analysis test method. In
the present instance only one reaction cycle with hexanediol
was used. In other instances, it may be advantageous to use
more than one hexanediol reaction cycle, with a pump down
of process chamber volume prior to the charging of hexane
diol for each new reaction cycle.

TABLE I

Concentration of Halogen Reactive Sites
As Indicated By Contact Angle

Run SiCl, Vapor Partial ~ H,O Vapor Partial Water Droplet

No. Pressure (Torr) Pressure (Torr) Contact Angle* (%)
1 4.0 0.0 55
2 4.0 1.0 31

*Contact angle measured after treatment of the substrate surface to attach
halogen reactive sites, followed by reaction of the substrate surface with hex-
anediol.

The theoretical contact angle for hexane diol ranges from about 45° to about
55°. Thus, the 55° contact angle measured indicates complete surface cover-
age of the substrate with hexane diol.

The 31° contact angle measured when water was added to the process cham-

ber at a ratio of 1:4 with respect to SiCl, indicates that there was a lesser
degree of surface coverage by hexane diol. This is expected if only a portion
of the —OH groups present on the substrate are converted to chlorine sites.

[0073] The data presented above shows that to obtain a
complete chlorination of the substrate surface, the ratio of
H,0 to SiCl, should be less than 1:4, typically less than 1:5,
as a safety factor.

[0074] Functional properties designed to meet the end use
application of the finalized product can be tailored by appli-
cation of a particular organic molecule to the halogenated
substrate surface of the kind shown in the schematic FIG. 2B,
structure 230. FIG. 2C illustrates the application of vaporous
hexanediol 242 to the halogenated substrate surface shown in
FIG. 2B structure 230. The vaporous hexanediol 242 was
added to the process chamber in which the halogenation
(chlorination) of the substrate surface 203 was previously
carried out, without the introduction of any moisture to the
chamber between halogenation and reaction with hexanediol,
to avoid the conversion of the chlorine sites 216 to hydroxyl
groups (which would occur if the silicon-chlorine bonds were
exposed to a moisture-containing ambient atmosphere). As an
alternative to carrying out the reaction with the organic mol-
ecule in the chamber in which the halogen is attached to the
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substrate, it is possible to transfer the substrate to another
chamber prior to reaction with the organic molecule, so long
as the transfer is carried out under conditions which maintain
isolation from moisture and other contaminants which affect
the surface reaction product.

[0075] The above described exemplary embodiments are
not intended to limit the scope of the present invention, as one
skilled in the art can, in view of the present disclosure expand
such embodiments to correspond with the subject matter of
the invention claimed below.

1. A method of depositing an organic coating on a substrate
from a vapor phase organic-comprising precursor, wherein
said substrate surface upon which said organic coating is
applied is a halogenated surface produced by treatment of
said substrate with a vaporous, halogen-containing com-
poundinaprocess chamber under vacuum conditions ranging
from about 1 mTorr to about 10 Torr, at a temperature ranging
from about 25° C. to about 100° C., wherein said organic-
comprising precursor contains at least one nucleophilic func-
tional group which reacts with said halogenated surface to
attach an organic coating to said surface, and wherein said
organic-comprising precursor is charged to said processing
chamber in measured quantities using batch-like charging
procedures, whereby a particularly uniform growth of the
coating on the surface is achieved.

2. A method in accordance with claim 1, wherein a density
of reactive halogen sites on said halogenated surface is con-
trolled by controlling an amount of said vaporous halogen-
containing compound contacted with said substrate surface in
said process chamber under vacuum conditions.

3. (canceled)

4. A method in accordance with claim 1, wherein process
chamber pressure ranges from about 10 mTorr to about 1 Torr.

5. A method in accordance with claim 1 or claim 2, wherein
said vaporous halogen-containing compound contains chlo-
rine.

6. A method in accordance with claim 1 or claim 2, wherein
said vaporous halogen-containing compound is selected from
the group consisting of chlorosilanes, chlorosiloxanes, fluo-
rosilanes, fluorosiloxanes and combinations thereof.

7. A method in accordance with claim 6, wherein said
halogen-containing compound is a chlorine-containing com-
pound.

8. A method in accordance with claim 1 or claim 2, wherein
water is added to said processing chamber for use in combi-
nation with said halogen-containing compound, to provide
said halogenated surface.

9. A method in accordance with claim 8, wherein an
amount of water added to said processing chamber is used to
control a density of said reactive halogen-containing sites on
said halogenated surface.

10. A method in accordance with claim 1, wherein said
treatment of said surface with said halogen-containing com-
pound is carried out using a plurality of treatment cycles, and
wherein each cycle includes batch-like charging of a nominal
amount of said halogen-containing compound, and reaction
of said halogen containing compound with said substrate,
followed by a pump down of said process chamber to remove
halogenation process byproducts, halogen-containing com-
pound residue, or combinations thereof.

11. A method in accordance with claim 8, wherein said
treatment of said surface with said halogen-containing com-
pound and water is carried out using a plurality of treatment
cycles, and wherein each cycle includes batch-like charging
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of'a nominal amount of said halogen-containing compound,
batch-like charging of a nominal amount of said water, and
reaction of said halogen containing compound and said water
with said substrate, followed by a pump down of said process
chamber to remove halogenation process byproducts, halo-
gen-containing compound residue, or combinations thereof.

12. A method in accordance with claim 8, wherein said
halogen-containing compound is SiCl,, and wherein a ratio of
water vapor partial pressure to SiCl, vapor pressure in a
process chamber in which the substrate surface is treated is
less than 1:4.

13. A method in accordance with claim 1, wherein a total
pressure in said process chamber in which said vaporous
halogen-containing compound treatment is carried out is in
the range of about 1 Torr to about 3 Torr.

14. (canceled)

15. A method in accordance with claim 1, wherein said
temperature ranges from about 25° C. to about 60° C.

16. A method in accordance with claim 1 or claim 2,
wherein said organic-comprising precursor is selected from
the group consisting of organic compounds having the for-
mula RNH, or ROH; organic compounds including —NH,
—SH, —SeH, —TeH and —PH, functional groups; alkyl-
lithium compounds, RLi; Alkyl-Grignard reagents, RMgX;
and Gilman reagents, R_{2}Culi; wherein R is an organic
radical.

17. A method in accordance with claim 1 or claim 2,
wherein subsequent to halogenation of said substrate surface
and prior to reaction of said halogenated substrate surface
with said organic-comprising compound, said halogenated
substrate surface is isolated from contact with moisture and
other contaminants which affect the reaction product of said
halogenated substrate surface with said organic-comprising
compound.

18. A method in accordance with claim 17, wherein said
isolation is achieved by carrying out said halogenation of said
substrate surface and said subsequent reaction of said halo-
genated surface with said organic-comprising compound in
the same process chamber without removing said substrate
from said process chamber.

19. A method of attaching an organic coating to a surface of
a substrate at a controlled density upon said substrate, com-
prising:

a) treatment of said substrate with a vaporous, halogen-
containing compound which is charged to a processing
chamber in precisely measured quantities using batch-
like charging procedures, wherein said substrate is at a
temperature ranging from about 25° C. to about 100° C.
and said processing chamber is at a pressure ranging
from about 1 Torr to about 5 Torr, whereby halogen
species are attached to a surface of said substrate; and
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b) reacting a vapor phase organic-comprising precursor
containing at least one nucleophilic functional group
with said attached halogen species in said processing
chamber, wherein said substrate is at a temperature rang-
ing from about 25° C. to about 100° C. and said process-
ing chamber is at a pressure ranging from about 0.1 Torr
to about 10 Torr.

20. A method in accordance with claim 19, wherein said

reacting is by covalent bonding.

21. A method in accordance with claim 19, wherein said
controlled density of said organic coating is controlled by a
density of said halogen species attached to said substrate
surface, and wherein a density of attachment of said halogen
species is controlled by an amount of a vaporous halogen-
containing compound which is contacted with said substrate
surface in said process chamber under vacuum conditions.

22. A method in accordance with claim 21, wherein the
density of attachment of said halogen species is also con-
trolled by an amount of water added to said processing cham-
ber either prior to or during attachment of said halogen spe-
cies.

23. A method in accordance with claim 21, wherein said
treatment of said surface with said halogen-containing com-
pound is carried out using a plurality of treatment cycles, and
wherein each cycle includes said batch-like charging of a
nominal amount of said halogen-containing compound, and
reaction of said halogen containing compound with said sub-
strate, followed by a pump down of said process chamber to
remove halogenation process byproducts, halogen-contain-
ing compound residue, or combinations thereof.

24. A method in accordance with claim 22, wherein said
treatment of said surface with said halogen-containing com-
pound and water is carried out using a plurality of treatment
cycles, and wherein each cycle includes: said batch-like
charging of a nominal amount of said halogen-containing
compound and batch-like charging of a nominal amount of
said water, and reaction of said halogen containing compound
and water with said substrate, followed by a pump down of
said process chamber to remove halogenation process
byproducts, halogen-containing compound residue, or com-
binations thereof

25. A method in accordance with claim 24, wherein said
halogen-containing compound is SiCl,, and wherein a ratio of
water vapor partial pressure to SiCl, vapor pressure is less
than 1:4.

26. A method in accordance with claim 1, wherein said
halogen-containing compound is selected from the group
consisting of SiCl,, Si,0Clg, SnCl,, PCl5, SOCI,, and com-
binations thereof.



